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Abstract:
Supersymmetric Slavnov-Taylor and Ward identities are investigated in presence of
soft and spontaneous symmetry breaking. We consider an abelian model where soft su-
persymmetry breaking yields a mass splitting between electron and selectron and triggers
spontaneous symmetry breaking, and we derive corresponding identities that relate the
electron and selectron masses with the Yukawa coupling. We demonstrate that the iden-
tities are valid in dimensional reduction and invalid in dimensional regularization and
compute the necessary symmetry-restoring counterterms.
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1 Introduction
In the past years, great progress has been made in the calculation of quantum correc-
tions to precision observables. The calculation of such corrections necessitates the use of
a regularization method in the intermediate steps of the renormalization procedure. Reg-
ularization schemes that preserve all or at least most symmetries of the underlying theory
are most convenient. However, as far as supersymmetric gauge theories are concerned, a
regularization method that respects all symmetries and is mathematically consistent is not
yet known: Dimensional regularization (DREG) [1] breaks supersymmetry, while dimen-
sional reduction (DRED) [2], a variation of DREG widely used in practical calculations,
is inconsistent [3] and thus cannot work at all orders.
For quantization the basic symmetries of the theory are formulated as relations be-
tween renormalized Green functions. In order to test whether the symmetries are re-
spected by the renormalization scheme or not, the corresponding symmetry identities
have to be evaluated by an explicit calculation. If symmetry violations occur, the sym-
metry breakings have to be absorbed by so-called symmetry-restoring counterterms, a
procedure often called algebraic renormalization (see Ref. [4] for an introduction).
Supersymmetric gauge theories exhibit a few peculiarities that have to be addressed
in the following.
In practice, calculations are almost exclusively carried out in the Wess-Zumino gauge.
This yields a minimal number of unphysical particles but makes it necessary to include
the supersymmetry algebra in the BRS transformations. As a result, the supersymmetry
transformations become non linear, and the invariance of the action under supersymmetry
transformations can no longer be expressed by Ward identities [5] but by more complicated
Slavnov-Taylor identities [6,7] (see also [8] for a recent discussion).
An additional complication arises from the fact that supersymmetry is softly bro-
ken in all phenomenologically relevant supersymmetric models to account for the mass
splittings within supermultiplets. Therefore, it is necessary to include the description of
soft supersymmetry breaking in the defining symmetry identities of the theory. This has
been worked out in Refs. [9,10,12–14]. Furthermore, soft supersymmetry breaking triggers
the spontaneous breaking of internal symmetries. Both soft and spontaneous symmetry
breaking generate mass terms in the Lagrangian.
Supersymmetric Slavnov-Taylor identities have been formulated for many physically
relevant models: For generic supersymmetric Yang-Mills theories in Refs. [7,10,12], for
supersymmetric QED (SQED) in Ref. [15], and the Minimal Supersymmetric Standard
Model (MSSM) in Ref. [13].
However, the possible violations of these identities in DREG or DRED and the nec-
essary symmetry-restoring counterterms have only been derived in very special cases: In
Ref. [11] several supersymmetric Ward identities for self energies have been shown to
be fulfilled in DRED, supersymmetric Slavnov-Taylor identities have been investigated
for SQED in Ref. [15] and for SQCD with soft breaking in Ref. [16]. In Ref. [16] the
symmetry-restoring counterterms for all gauge and gaugino interactions have been de-
rived; thereby, it turned out that the presence of soft supersymmetry breaking terms have
no influence on the determination of the counterterms. Up to now, no explicit calculation
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of a supersymmetric Slavnov-Taylor identities has been performed for cases where soft
supersymmetry breaking is directly relevant, e.g. sparticle masses.
The aim of the present work is to present such a calculation and to investigate the effect
of soft supersymmetry breaking on the possible violations of the Slavnov-Taylor identity
in DREG and DRED. Because of the complexity of the MSSM we choose a simplified
model where the important features of the MSSM, i.e. soft supersymmetry breaking and
spontaneous breaking of an internal symmetry, are retained.
The outline of this article is as follows: In Section 2 we define the model and present
its symmetries, in particular the Slavnov-Taylor identity. Section 3 contains information
of general importance for the explicit calculation of symmetry identities. We discuss how
symmetry identities are violated in DREG and DRED and study when soft supersymme-
try breaking becomes relevant in Slavnov-Taylor identities. In Section 4 we consider two
symmetry identities for vertex functions as an example. We present the results of an ana-
lytical evaluation at one-loop level for arbitrary (on- or off-shell) momenta of the external
particles, derive the violation of the identities and the corresponding symmetry-restoring
counterterms. Our conclusions are presented in Section 6.
2 The model and its symmetries
2.1 Particle content and Lagrangian
The MSSM is a supersymmetric gauge theory with soft supersymmetry breaking and
spontaneous breaking of an internal symmetry. Our aim is to construct a model that
retains these essential features of the MSSM concerning symmetry breaking and is maxi-
mally simplified. Hence we restrict ourselves to SQED extended by an Higgs sector, i.e.
we reduce the gauge group and the matter content to the ones of SQED (U(1) gauge
group; two chiral supermultiplets Φ1,2 with charges Q1,2 = ∓1 corresponding to the
left- and right-handed electron) extended by an additional uncharged chiral multiplet Φ3.
The field Φ3 takes the role of a Higgs field and will acquire a vacuum expectation value
(VEV). In addition to U(1) gauge invariance, we require invariance under a continuous
R-transformation with R-charges n = 2/3 for the chiral multiplets Φ1,2,3.
The corresponding supersymmetric Lagrangian reads in superfield notation
Lsusy =
∫
d4θ
∑
i=1,2,3
Φ†ie
eQiVΦi
+
[∫
d2θ
(
1
4
W αWα +W (Φ)
)
+ h.c.
]
, (2.1)
where V denotes the gauge superfield and Wα is the corresponding field strength super-
field. The superpotential W (Φ) takes the form
W (Φ) =
1
6
∑
ijk
yijkΦiΦjΦk (2.2)
with the totally symmetric parameters yijk. Because of gauge invariance there are only
two independent parameters y123 = y213 = y132 = . . . and y333; the others are zero. Owing
to the specific choice of the R-charges no dimensionful parameters are possible in Lsusy.
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The components of the gauge superfield V are the photon and photino fields (Aµ, λα,
λ¯α˙), while the chiral multiplets Φ1,2,3 contain the component fields (φL, ψ
α
L), (φR, ψ
α
R),
(H, H˜α), respectively. The Weyl spinors are combined into 4-component spinors for the
photino, electron, and Higgsino as follows,
γ˜ =
(−iλα
iλ¯α˙
)
, Ψ =
(
ψLα
ψ¯α˙R
)
, Hˆ =
(
H˜α
¯˜H
α˙
)
. (2.3)
Soft breaking of supersymmetry is introduced via power-counting renormalizable and
supersymmetric couplings to a chiral (“spurion”) superfield η of dimension 0 [12,13]:
Lsoft =
∫
d4θ
∑
i=1,2,3
M˜2iiη
†ηΦ†ie
2eQiVΦi
+
[∫
d2θ
(
1
2
M˜ληW
αWα +
∑
ijk
A˜ijkηΦiΦjΦk
)
+ h.c.
]
(2.4)
with the soft supersymmetry breaking parameters M˜ii, M˜λ, and A˜ijk. The component
fields of η are called (a, χα, f + f0) where the auxiliary f -component has a constant shift
f0. We define the 4-spinor
Ξ =
(
χα
χ¯α˙
)
(2.5)
for later use. This η-multiplet is treated as an external field that does not propagate. As
long as η transforms as a chiral multiplet, Lsoft is supersymmetric. If η is replaced by the
constant shift,
η → θθf0, (a, χ, f + f0)→ (0, 0, f0), (2.6)
Lsoft breaks supersymmetry softly. At the same time, continuous R-invariance is explicitly
broken.1
Interactions like ηW αWα or ηΦ
3 are not present in power-counting renormalizable
supersymmetric models that contain only dimension = 1 chiral superfields. Such interac-
tions have not been considered so far in checks of symmetry identities at the regularized
level. The presence of such spurion interactions makes the study of symmetry identities
particularly interesting (see Section 4) since they might lead to additional violations in
DREG or even in DRED.
The dimensionful parameters in Lsoft lead to a scalar potential with a minimum at a
finite VEV, 〈H〉 = v. As a consequence, R-invariance is spontaneously broken and the
scalar and fermionic particles become massive. In the following we split off the VEV v
from the Higgs field H by the replacement
H → H + v. (2.7)
1The remaining discrete symmetry is simply a parity transformation where all spinors have parity
−1 and all other fields +1. Invariance under this transformation is a trivial consequence of Lorentz
invariance and does not correspond to R-parity. Anyway, the model is invariant under R-parity where
the Standard-Model like fields (photon, electron, Higgs boson) have parity +1 and their superpartners
−1.
3
Soft and spontaneous symmetry breaking lead, as in the MSSM, to a relation between
the Yukawa coupling y123 for the HψLψR- or H˜ψLφR interactions, the electron mass
me = vy123, (2.8)
and the selectron mass matrix
M2φ =
(
m2e +M
2
11 y333vme/2 + 6vA123
y333vme/2 + 6vA˜123 m
2
e +M
2
11
)
(2.9)
with M211 = f
2
0 M˜
2
11 and A123 = f0A˜123.
In contrast to the MSSM, there are no gauge bosons in this model that couple to Higgs
fields. Therefore, gauge invariance is not broken spontaneously, and there are no massive
gauge bosons. A second consequence is that no D-terms ∝ e2v2 contribute to the mass
matrix M2φ in our model.
2.2 Symmetry identities
In order to complete the definition of our model as a renormalized quantum field
theory, we rewrite in the following the symmetry requirements in form of Slavnov-Taylor
and Ward identities.
Because of the ambiguity inherent in the regularization and renormalization proce-
dure, specifying the Lagrangian is not sufficient to define the model at higher orders.
Instead, the model has to be defined by requiring that Γ, the renormalized effective ac-
tion or generating functional of one-particle irreducible Green functions, has the same
symmetry properties as the classical action Γcl. For this purpose, the symmetries have
to be formulated in terms of well-defined identities for Γ that have to be fulfilled in all
orders. The structure of such identities for the case of supersymmetric gauge theories,
quantized in the Wess-Zumino gauge, has been studied in Refs. [6,7,10,12,13,15].
Gauge invariance and supersymmetry are treated simultaneously by introducing BRS
transformations comprising gauge symmetry, supersymmetry, and translations. This re-
quires three kinds of ghost fields: one Faddeev-Popov ghost field corresponding to the
gauge transformations c(x) (a fermionic scalar), a supersymmetry ghost ǫα (a bosonic
spinor), and a translational ghost ωµ (a fermionic vector). As supersymmetry is global,
neither the supersymmetry ghost nor the translational ghost are dynamical fields. We
refer to Appendix B for the explicit form of the BRS transformations.
Generally, if symmetry transformations of the classical action are non linear in prop-
agating fields, not only Γ receives loop corrections but also the field transformations
themselves. In our case, the non-linear BRS transformations sϕi (see Appendix B) re-
ceive loop corrections and have to be renormalized. This is usually done by coupling them
to external sources Yϕi and including them in the effective action.
The gauge-fixing and ghost terms can be conveniently written as a total BRS variation.
For this purpose, the antighost c¯ and an auxiliary field B are introduced with suitable
BRS variations. The complete form of the effective action in lowest order, the classical
action Γcl, is given in Appendix A.
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The classical action satisfies the Slavnov-Taylor identity S(Γcl) = 0 with the Slavnov-
Taylor operator (given for Weyl spinors):
S = S0 + Ssoft, (2.10)
S0(F) =
∫
d4x
(
sAµ
δF
δAµ
+ sc
δF
δc
+ sc¯
δF
δc¯
+ sB
δF
δB
+
δF
δYλα
δF
δλα
+
δF
δY α˙
λ¯
δF
δλ¯α˙
+
δF
δYφL
δF
δφL
+
δF
δY
φ
†
L
δF
δφ†L
+
δF
δYψLα
δF
δψαL
+
δF
δY α˙
ψ¯L
δF
δψ¯Lα˙
+ (L→R)
+s(H + v)
δF
δH
+ s(H† + v)
δF
δH†
+
δF
δYH˜
δF
δH˜
+
δF
δY ¯˜
H
δF
δ ¯˜H
)
+sǫα
∂F
∂ǫα
+ sǫ¯α˙
∂F
∂ǫ¯α˙
+ sων
∂F
∂ων
, (2.11)
Ssoft(F) =
∫
d4x
(
sa
δF
δa
+ sa†
δF
δa†
+ sχα
δF
δχα
+ sχ¯α˙
δF
δχ¯α˙
+s(f + f0)
δF
δf
+ s(f † + f0)
δF
δf †
)
. (2.12)
We abbreviate this by
S(F) ≡
∫
d4x
(∑
i
sϕ′i
δF
δϕ′i
+
δF
δYϕi
δF
δϕi
)
, (2.13)
where the fields with linear BRS transformations are denoted by ϕ′i and the fields with
non-linear BRS transformations are denoted by ϕi. The corresponding linearized Slavnov-
Taylor operator reads
SF =
∫
d4x
(∑
i
sϕ′i
δ
δϕ′i
+
δF
δYϕi
δ
δϕi
+
δF
δϕi
δ
δYϕi
)
. (2.14)
It satisfies
S(F + δF) = S(F) + SFδF +O(δF2). (2.15)
In addition to supersymmetry and gauge invariance, we require invariance under con-
tinuous R-transformations with the R-charges 2/3 for Φ1,2,3 and 0 for η. The correspond-
ing Ward operator is given by
W(F) =
∫
d4x i
(∑
i
nϕ′i(ϕ
′
i + vi)
δF
δϕ′i
+ nϕiϕi
δF
δϕi
+ nYϕiYϕi
δF
δYϕi
)
. (2.16)
Here vi denotes the finite VEV of the field ϕ
′
i and is only non-zero for ϕ
′
i = H,H
†, f, f †.
The R-charges are listed in Table 2.2. R-symmetry is spontaneously and explicitly broken
as can be seen by the appearance of v and f0 in Eq. (2.16).
To summarize, the model is defined by its field content and the following conditions
and symmetry requirements on the effective action Γ:
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Fields Aµ λ
α φL φR ψ
α
L ψ
α
R H H˜
α ǫα a χα fˆ
R-charges 0 1 2/3 2/3 −1/3 −1/3 2/3 −1/3 1 0 −1 −2
Table 1: R-charges of the component fields
• Slavnov-Taylor identity and nilpotency of SΓ:
S(Γ) = 0, (2.17)
S2ΓA
µ = 0. (2.18)
This identity contains gauge invariance, supersymmetry, and translational invari-
ance. The abelian gauge group makes it necessary to impose an additional condition
(2.18) to guarantee the nilpotency of the Slavnov-Taylor operator [13,15].
• Gauge-fixing condition, ghost and anti-ghost equation, and translational ghost equa-
tion:
δΓ
δB
=
δΓcl
δB
,
δΓ
δc¯
=
δΓcl
δc¯
,
δΓ
δc
=
δΓcl
δc
,
δΓ
δωµ
=
δΓcl
δωµ
. (2.19)
These equations hold since they are linear in propagating fields, and they express
the non-renormalization of the gauge-fixing term and the usual QED-Ward identity.
• Ward identity for R-symmetry:
W(Γ) = 0. (2.20)
• Global symmetries: We require that Γ is Lorentz invariant, bosonic, and electrically
neutral. Furthermore, Γ has to be invariant under the discrete symmetries C, CP ,
and must not possess a ghost charge.
• The physical content of Γ is given in the limit
Γphys = Γ|a=χ=f=0. (2.21)
In this limit, supersymmetry is softly broken.
3 Renormalization and symmetry-restoring counterterms
At higher orders, the symmetry identities are generally violated at the regularized
level. They have to be restored by adding suitable counterterms, so-called symmetry-
restoring counterterms. This section contains useful information on how the symmetries
can be broken in dimensional schemes and how the symmetry-restoring counterterms can
be calculated. The symmetry identities determining these counterterms are classified
using power-counting arguments and R-invariance.
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3.1 Structure of counterterms and symmetry-breaking terms
The calculation of Γ at higher orders is an inductive process. If the classical action
Γcl and the counterterms up to order ~
n−1, Γ(≤n−1)ct , are known, the regularized effective
action Γ
(≤n)
reg can be calculated up to order ~n. The renormalized effective action up to
this order is obtained by adding the counterterms Γ
(n)
ct :
Γ(≤n) = Γ(≤n)reg + Γ
(n)
ct . (3.1)
The counterterms are necessary to cancel ultra-violet divergences and to restore the sym-
metry identities. They can be split into a symmetry-restoring part and a part that does
not interfere with the symmetries,
Γ
(n)
ct = Γ
(n)
ct,restore + Γ
(n)
ct,sym. (3.2)
Γct,sym contains the usual counterterms corresponding to multiplicative renormalization
of the parameters and fields.
We now focus on symmetry violations of Slavnov-Taylor identities induced by the
regularization scheme. Assuming that the Slavnov-Taylor identity is valid at the order
~
n−1, S(Γ(≤n−1)) = 0, we have
S(Γ(≤n)reg ) = ∆(n). (3.3)
If the symmetry is free of anomalies, like in our model, ∆(n) can be absorbed by symmetry-
restoring counterterms satisfying
SΓclΓ
(n)
ct,restore = −∆(n), (3.4)
S(Γ(≤n)reg + Γ(n)ct,restore) = 0 +O(~n+1). (3.5)
The symmetric counterterms Γ
(n)
ct,sym satisfy by definition
SΓclΓ
(n)
ct,sym = 0. (3.6)
They cancel divergences in Γ
(≤n)
reg + Γ
(n)
ct,restore, and their finite parts correspond to the free
parameters of the model and are fixed by suitable renormalization conditions. Without
loss of generality, we can require that Γ
(n)
ct,restore does not contribute to those vertex func-
tions of order ~n on which renormalization conditions are imposed. The separation (3.2)
is then unambiguous.
In the following, we list several important properties of the symmetry-breaking terms
∆(n).
1. The Quantum Action Principle [17] requires ∆(n) to be a local, power-counting
renormalizable polynomial in the fields of ghost number +1. Furthermore, using
the algebraic nilpotency properties of the operators SΓ and S(Γ), one can derive the
condition
SΓcl∆
(n) = 0. (3.7)
These properties are important in algebraic proofs of the absence of anomalies and
the renormalizability [6,7,18].
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2. In DREG as defined in Refs. [19,20] (HVBM scheme) the Quantum Action Principle
can be made more precise (“regularized action principle”). As shown in Ref. [20],
the breaking ∆ of any given symmetry identity can be directly computed:
∆ =
[∫
dDx δLcl+ct
]
· Γ, (3.8)
where [O] · Γ denotes an insertion of the operator O and ∫ dDx δLcl+ct is the vari-
ation of the classical action and counterterms under the corresponding symmetry
transformations in D dimensions. E.g. for the cases of the Slavnov-Taylor identity
and R Ward identity it is given by S(Γcl+ct) and WΓcl+ct evaluated in D dimen-
sions. For a symmetry identity that is valid at the classical level, δLcl vanishes in
four dimensions and has the form
δLcl = O(D − 4, gˆµν), (3.9)
where gˆµν is the (D − 4)-dimensional part of the metric tensor. There are three
important consequences for the one-loop breaking ∆(1):
• At the one-loop level, Feynman diagrams contain only one insertion of δLcl.
Since the divergences of the diagrams are at most of the order of 1/(D − 4),
the breaking term ∆(1) is finite in the limit gˆµν → 0, D → 4.
• The variation δLcl is a polynomial in coupling constants, masses, kinematic
variables, and fields. The divergences of one-loop integrals have the same
structure. Hence, the breaking terms ∆(1) are not only polynomials in fields
and momenta, but even in mass parameters. Particularly ∆(1) contains no
logarithms of mass parameters.
• Moreover, the Quantum Action Principle becomes rather simple at the one-loop
level since counterterms appear only in tree diagrams and do not contribute
to loops. In higher orders, the interplay of lower-order counterterms and loop
contributions is crucial to ensure that the breaking ∆(n) is local.
3. The statements of Item 2 are even valid in the naive version of DREG, where
an anticommuting γ5 and accordingly Tr(γ5γ
µγνγργσ) = 0 are used. Of course,
naive DREG is problematic since the limit D → 4 of finite quantities such as
Tr(γ5γ
µγνγργσ) = 0 does not agree with the four-dimensional result, but neverthe-
less this scheme is useful in practical calculations where such traces do not appear.
Other practically useful schemes are DRED or DREG where an anticommuting γ5
is used and Tr(γ5γ
µγνγργσ) is set to its four-dimensional value at the same time.
However, in these schemes the regularized action principle is not necessarily valid
because they are mathematically inconsistent, i.e. one initial expression can lead to
several, disagreeing results depending on the order of the calculational steps. The
results obtained in such inconsistent schemes are in agreement with all physical
requirements and can be used if they differ only by local contributions of dimension
≤ 4 from the results obtained in a consistent scheme.
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4. In the HVBM scheme, R-invariance is broken at the regularized level because∫
dDx δLcl = WΓcl 6= 0 in D dimensions owing to the non-anticommuting γ5. In
naive DREG, on the other hand, R-invariance is fulfilled on the regularized (one-
loop) level since
∫
dDx δLcl = WΓcl = 0 in D dimensions. If only R-invariant
counterterms are added,
∫
dDx δLcl+ct = WΓcl+ct = 0 and R-invariance is valid
without introducing symmetry-restoring counterterms. In both versions of DREG,
gauge invariance and Eqs. (2.19) are not violated by the regularization scheme.
Therefore, when naive DREG is used, the symmetry-restoring counterterms Γct,restore
have to satisfy by themselves all the Eqs. (2.19) and (2.20), in particular they are
R-invariant. The breaking of the Slavnov-Taylor identity S(Γ) = ∆ is restricted
accordingly, in particular
W∆ = 0. (3.10)
3.2 Calculating the symmetry-restoring counterterms
Our aim in this subsection is to sketch the calculation of the counterterms Γct,restore
that restore the Slavnov-Taylor identity. Lorentz and R-invariance are assumed to be
respected by the regularization scheme. Several strategies for such calculations have been
proposed in the literature: In Ref. [21], Taylor expansions in the momenta are used to
generate universal, regularization-independent counterterms in an intermediate step of the
calculation of symmetry restoring counterterms. In Ref. [22], the breaking ∆ is computed
directly using the regularized action principle (3.8) and the equation ∆ = −SΓclΓct,restore
is solved explicitly.
The strategy we use has often been applied in the literature (see e.g. Refs. [11,15,16]):
Slavnov-Taylor identities of the form
0
!
=
δS(Γ)
δϕk1 . . . δϕkN
∣∣∣∣
ϕ=0
(3.11)
are derived and the appearing Green functions are evaluated in the chosen regularization
scheme. Without adding counterterms, the identities are in general violated. To restore
these identities, symmetry-restoring counterterms are determined in such a way that all
Slavnov-Taylor identities are fulfilled.
Generically, the identity (3.11) is a sum of terms of the form
ΓMYϕiΓM˜ϕi,
δ
∫
d4x sϕ′i
δM ΓM˜ϕ′i (3.12)
with monomials M,M˜ satisfying MM˜ = ϕk1 . . . ϕkN . When these products are evalu-
ated at the one-loop level, Eq. (3.11) becomes a linear expression in one-loop Feynman
integrals and also in one-loop counterterms. The role of the symmetry violations and the
counterterms is emphasized by rewriting S(Γ) = 0 as
SΓclΓ
(1)
ct = −S(Γ(1)reg) = −∆(1). (3.13)
Taking the derivative δ/(δϕk1 . . . δϕkN ), identity (3.11) can be equivalently written as
δSΓclΓ
(1)
ct
δϕk1 . . . δϕkN
∣∣∣∣∣
ϕ=0
= − δ∆
(1)
δϕk1 . . . δϕkN
∣∣∣∣
ϕ=0
. (3.14)
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The breaking term ∆(1) can be expanded in a basis of monomials,
∆(1) =
∑
j
aj∆j . (3.15)
∆j denotes a monomial, i.e. a product of fields and derivatives with ghost number +1
and dimension ≤ 4 which are Lorentz and R-invariant. Each monomial ∆j corresponds
to one identity of the form (3.14) with the fields ϕk1 . . . ϕkN taken from ∆j . There are
in general several monomials containing the same fields ϕk1 . . . ϕkN but differing e.g. in
the number of derivatives. One specific monomial can be extracted out of Eq. (3.14) by
taking only those terms from Eq. (3.14) that have the same momentum dependence as
∆j (after Fourier transform in momentum space).
If all identities corresponding to the monomials ∆j are satisfied by a suitable choice of
counterterms Γ
(1)
ct , the Slavnov-Taylor identity is restored. In this way, the restrictions on
the ∆j imply restrictions on the identities that have to be considered. In the following,
we present a classification of the ∆j and discuss the corresponding identities.
The criteria of this classification are based on power counting and R-invariance. The
fields appearing in ∆j are denoted by ϕk1 . . . ϕkN and the power-counting dimension of
ϕk1 . . . ϕkN is called d. We set the power-counting dimensions of the dynamical fields to
their space-time dimensions. In general, we know that each monomial is a Lorentz scalar
of ghost number +1 that does not depend on the ghosts c, ωµ, and on the fields B, c¯
owing to manifest gauge invariance and the identities (2.19). Hence, ∆j must contain at
least one ǫα or ǫ¯
α˙ ghost. In Ref. [12] it has been shown that the Slavnov-Taylor identity
can be considered in the limit a = χ = 0 without losing information on Green functions
that do not depend on spurion and Y -fields. Along the same lines, it can be shown that
in our case, where R-invariance is respected by the regularization scheme, even f = 0 can
be used [14]. Hence only ∆j without a, χ, f are needed.
dim∆j = 4: Since R-symmetry relates monomials with non-vanishing R-charge to higher-
dimensional ones, but ∆ contains only monomials of dimension ≤ 4, ∆j must have
R-charge zero. The number of space-time derivatives in ∆j is 4 − d and, thus, the
relevant identity reads
0
!
=
[
δS(Γ)
δϕk1 . . . δϕkN
∣∣∣∣
ϕ=0
]
Terms∝p4−d
, (3.16)
where p denotes generically all appearing momenta. From power counting it is easy
to see that every term in this identity can behave at most as p4−d (up to logarithms).
Hence the relevant terms are the leading terms in the momenta. In order to extract
the necessary information, the identity can be evaluated in the limit p→∞ and all
mass parameters can be neglected. This is an enormous simplification.
On the other hand, only counterterms of dimension = 4 contribute and can be
determined using identities of this kind. Thus, no symmetry-breaking effects do
contribute to Eq. (3.16). Hence, f0 and v can be neglected. Such identities and these
simplifications have been discussed and used in Ref. [16] to derive the counterterms
to all dimension = 4 gluon and gluino interactions.
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dim∆j = 3: ∆j need not have R-charge zero. It can originate from a term such as
(f+f0)∆j or (H+v)∆j which has dimension 4 and is R-invariant. The possibilities
for the R-charge n(∆j) are: 0,±nH ,±nf . They will be discussed later on. Since
the relevant identity is
0
!
=
[
δS(Γ)
δϕk1 . . . δϕkN
∣∣∣∣
ϕ=0
]
Terms∝p3−d
, (3.17)
the vertex functions have to be evaluated up to the subleading order in p and the
masses cannot be neglected. Nevertheless, one simplification is possible: Since ∆(1)
is a polynomial in the mass parameters in DREG (see Item 2 in Section 3.1), it
is sufficient to evaluate the leading terms in the Taylor expansion in dimensionful
couplings and masses (e.g. using the mass-insertion method), neglecting logm-terms.
This simplification is particularly valuable in models like the MSSM with many
masses and mixing parameters.
Let us now go through the cases for n(∆j) and discuss the effects of symme-
try breaking. If n(∆j) = −nf and if ∆j contains ǫα, i.e. ϕk = ǫα, soft super-
symmetry breaking appears in the Slavnov-Taylor identity. The relevant term in
δS(Γ)/(δϕk1 . . . δϕkN ) = 0 reads
δsχα
δǫβ
Γϕk+1...ϕlχα =
√
2f0 Γϕk+1...ϕlχβ . (3.18)
The fields ϕk+1 . . . ϕlχβ have a total dimension of 1 + d and R-charge zero. Thus
Γϕk+1...ϕlχβ can receive non-zero counterterm contributions and it contributes to Eq.
(3.17) at the order p3−d. Its prefactor δsχα/δǫβ =
√
2f0δ
α
β is proportional to the
soft-breaking parameter f0. The situation is similar if n(∆j) = +nf and ϕk = ǫ¯
α˙. In
all other cases, the term (3.18) does not contribute in Eq. (3.17) at the considered
order and to the determination of the counterterms.
If n(∆j) = ±nH , vertex functions like ΓψLψR or Γψ¯Lψ¯R that are proportional to the
Higgs VEV v can appear in Eq. (3.17). The counterterms to these vertex functions
are then restricted by Eq. (3.17). The monomials ∆j and H∆j (or H
†∆j) and the
corresponding identities are related by R-invariance. It is sufficient to consider only
one of them.
If n(∆j) = 0, no symmetry-breaking parameters contribute to Eq. (3.17). In this
case, the identity (3.17) restricts the counterterms to R-invariant and supersymmet-
ric dimension 3 interactions, like the µ-term in the MSSM. In the model of Section
2, no such interactions are possible and it exists no ∆j of dimension 3 that has
n(∆j) = 0.
dim∆j ≤ 2: The discussion of this case is similar to the previous one. The different
possibilities concerning the R-charge are obvious, so we do not present the details.
4 Evaluation and restoration of specific symmetry relations
In this section we present an explicit calculation of symmetry identities on the one-
loop level and of their symmetry-restoring counterterms. To be specific, we consider
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symmetry identities corresponding to a particularly direct and interesting consequence of
symmetry breakings: the appearance of non-zero masses for electrons and selectrons and
their interrelations.
In our model R-invariance is spontaneously broken and the electron mass is generated
via the electron–Higgs Yukawa interaction. The tree-level value is given by me = vy123.
The selectron masses are related to the electron mass via softly broken supersymmetry
as can be seen from the appearance of me and soft-breaking parameters in the selec-
tron mass matrix (2.9). Furthermore, the electron mass appears in the supersymmetry
transformation
sψαR = . . .−
√
2ǫαy123φ
†
L(H
† + v) = . . .−
√
2ǫαmeφ
†
L. (4.1)
These relations are replaced by Ward and Slavnov-Taylor identities in higher orders which
are of the form (3.11) and the strategy of Section 3 can be applied. In this section, all
Green functions appearing in the Slavnov-Taylor identities are evaluated analytically,
the one-loop breakings are calculated explicitly, and suitable symmetry-restoring coun-
terterms are determined. For the explicit calculation, we use DRED and DREG with
anticommuting γ5 and adopt the 4-spinor notation introduced in Appendix C.
4.1 Electron mass relation
The relation between the electron mass and the electron–Higgs Yukawa coupling is
expressed by the Ward identity
0 = PL
δ2W(Γ)
δΨδΨ¯
PL
∣∣∣∣
ϕ=0
= PL
(
ΓΨΨ¯ −
√
2vΓΨΨ¯H2 + 3f0ΓΨΨ¯f2
)
PL. (4.2)
Eq. (4.2) describes the spontaneous breaking of R-invariance. H2 and f2 are defined by
H2 = −
√
2iImH and f2 = −iImf . This identity connects the electron-mass contribution
of the self energy PLΓΨΨ¯PL (= −mePL + higher orders) to the Yukawa coupling ΓΨΨ¯H2.
The vertex function ΓΨΨ¯f2 has no R-invariant and power-counting renormalizable contri-
bution and vanishes at tree level. At higher orders it contains only finite loop diagrams.
An explicit one-loop calculation shows that Eq. (4.2) is valid both in DRED and DREG
(with anticommuting γ5) and no symmetry-restoring counterterms are required. The lat-
ter result is in agreement with the validity of the full Ward identity WΓ = 0 in DREG as
discussed in Section 3.1.
4.2 Electron-selectron mass relation
Our main interest in this subsection is the relation between the electron and selectron
masses since this relation is influenced by spontaneous and soft symmetry breaking and
involves the relation (4.1) of the supersymmetry transformation. The relevant Slavnov-
Taylor identity can be obtained from
δS(Γ)
δφ†L(−p)δΨ(p)δǫ¯
∣∣∣∣∣
ϕ=0
= 0 (4.3)
12
and reads
0 = ΓΨǫ¯YφLΓφ†LφL
+ ΓΨǫ¯Y
φ
†
R
Γ
φ
†
L
φ
†
R
+ ΓY ¯ˆ
H
ǫ¯Γφ†
L
Ψ
¯ˆ
H
+ Γ
φ
†
L
YΨ¯ ǫ¯
ΓΨΨ¯
+
∂
∫
d4x sΞ¯
∂ǫ¯
∣∣∣
ϕ=0
Γ
φ
†
L
ΨΞ¯. (4.4)
Some of the Green functions in Eq. (4.4) can appear at tree level and can receive
counterterm contributions, for others the tree-level and counterterm contributions vanish
due to R-invariance and power counting. The meaning of (4.4) gets more transparent if
we multiply it with the projectors PL,R and distinguish those two types of contributions.
Multiplying Eq. (4.4) from left and right with PL yields
0 = PL
(
ΓΨǫ¯YφLΓφ†LφL
+ Γ
φ
†
L
YΨ¯ ǫ¯
ΓΨΨ¯ +
√
2f0Γφ†
L
ΨΞ¯
)
PL
+ loop contributions. (4.5)
The “loop contributions” contain all Green functions that are given in terms of finite one-
loop diagrams and do not involve counterterms due to R-invariance and power counting.
This identity relates the electron and selectron self energies and the soft-breaking term
∝ f0. In lowest order it corresponds to the mass relation (M2φ)11 = m2e + M211. The
prefactors of the self energies are loop-corrected supersymmetry transformations (see also
Refs. [15,16] for further discussion).
These prefactors are also restricted by the following Slavnov-Taylor identity which
corresponds to the supersymmetry algebra,
δS(Γ)
δφL(−p)δǫδǫ¯δYφL(p)
∣∣∣∣
ϕ=0
= 0. (4.6)
If we multiply Eq. (4.4) with PL from the left and with PR from the right, we obtain
0 = PL
(
Γ
φ
†
L
YΨ¯ ǫ¯
ΓΨΨ¯
)
PR + loop contributions. (4.7)
Written in terms of Weyl spinors, this identity relates in particular Γ
φ
†
L
YψRǫ
to Γψ¯Lψ¯R and,
thus, to the electron mass. This identity yields Eq. (4.1) in lowest order.
The identities obtained by multiplying Eq. (4.4) with the projector PR from the left
are less important and are discussed later.
Both identities (4.5) and (4.7) are similar to the ones in SQED. However, Eq. (4.5)
contains an explicit soft supersymmetry breaking term Γ
φ
†
L
ΨΞ¯. Furthermore, the vertex
functions in both identities receive contributions from the Higgs field. Because of these
additional contributions, in particular the new Ξ-interactions, the breaking of Eqs. (4.5)
and (4.7) is modified in DREG compared to the SQED case, as we will see later in Eq.
(4.12).
In a next step, we want to gain more insight into the identity (4.4) by studying the
possible contributions of the breaking term S(Γreg)(1) = ∆(1) according to the classification
of Section 3. The relevant terms in ∆(1) can be expanded in the following monomials:
∆(1)|
φ
†
L
ǫ¯Ψ−part =
∫
d4xφ†Lǫ¯
(
a1PL + a2PL+ a3PR + a4PR
+ a5PLiγ
µ∂µ + a6PRiγ
µ∂µ
)
Ψ. (4.8)
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a1 a2 a3 a4 a5 a6
Dimension 2 4 2 4 3 3
R charge 0 0 −nf + nH −nf + nH nH nf
Table 2: Dimension and R-charges of the different contributions to the symmetry breaking
corresponding to the parameters a1, . . . , a6 as defined in Eq. (4.8)
With this notation, evaluating the r.h.s. of Eq. (4.4) at the regularized level, yields
a1PL − a2PLp2 + a3PR − a4PRp2 + a5PLp/+ a6PRp/. (4.9)
The dimensions and R-charges of the monomials corresponding to a1, . . . , a6 are given in
Table 4.2. Following the results of Section 3.2, a4 has to vanish since the R-charge has to
vanish for dimension 4 monomials. Moreover, a2 can be determined in the limit p→∞.
In this limit, Eq. (4.4) becomes a simple relation between the φL and Ψ self-energies:
−a2PLp2 = PL
(
ΓΨǫ¯YφLΓφ†LφL
+ Γ
φ
†
L
YΨ¯ǫ¯
ΓΨΨ¯
)(1)
reg
PL
+ subleading contributions. (4.10)
The soft-breaking term and the vertex functions involving the Higgs field are negligible
in this limit.
For finite momentum p, we can extract from the identity (4.4) information about
the remaining monomials ∝ a1,3,5,6. Because of R-symmetry, the part of the identity
corresponding to a5 contains no soft-breaking term ∝ f0. All other identities are affected
by terms ∝ f0.
In the following, we discuss the evaluation of the identity (4.4) in DRED and DREG
at one-loop order. The explicit results for the vertex functions can be found in Appendix
D.
In DRED, the regularized loop integrals can be reduced to a linear combination of
standard scalar one- and two-point integrals, A0 and B0 functions, multiplied by rational
functions of masses and external momenta (see Ref. [24] for conventions). The scalar
A0 and B0 integrals contain logarithms of masses and momenta. The logarithms have
to cancel within the identity since they cannot contribute to local (polynomial) breaking
terms as required by the Quantum Action Principle. These non-local parts are functions
of the arguments of the scalar integrals. Assuming that A0 and B0 integrals depending on
different, non-vanishing arguments are uniquely characterized by their non-local parts, we
expect that the coefficients in front of the A0 and B0 integrals depending on a certain set
of non-vanishing arguments add up to zero in a symmetry identity. This is what happens
in the identities considered above when DRED is used. As a result no symmetry-restoring
counterterms are required in this identity using DRED.
This idea is also applicable for more complicated symmetry identities. After reducing
the tensor integrals to scalar integrals, we can choose a basis of scalar integrals in the sense
that these one-loop integrals are uniquely characterized by their non-local parts, i.e. the
logarithms and dilogarithms. We call two scalar integrals T1 and T2 linearly independent
if they cannot be related by
P1T1 + P2T2 = P3, (4.11)
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Figure 1: Diagrams contributing to the difference in the symmetry breaking (4.12) be-
tween DREG and DRED [see Eqs. (4.13) and (4.14)]
where P1,2,3 are polynomials of masses and momenta. These one-loop integrals then have
to cancel within symmetry identities.
The calculation of one-loop diagrams may however yield rational functions of momenta
and masses in addition to scalar integrals. These extra terms can originate from several
sources. One is the reduction of tensor integrals to scalar ones, which is performed in
D dimensions for DREG as well as DRED. Certain tensor integrals, which have at least
two Lorentz indices, cannot be reduced to a combination of scalar integrals alone, e.g.
in the tensor reduction of B11(p
2, m0, m1) a term (m
2
0 + m
2
1 − p2/3)/6 remains apart
from contributions involving scalar integrals. These integrals, however, do not occur
in the calculation of the vertex functions of the r.h.s. of Eq. (4.4). Another source for
polynomial terms in the calculation of symmetry identities, which contribute in DREG
but not in DRED, is the appearance of terms ∝ (D − 4) in the Dirac algebra, which
multiply 1/(D − 4)-parts of the scalar integrals.
In the case of this particular identity, in DREG (with anticommuting γ5) we obtain a
finite rational function in the limit D → 4 on the r.h.s. of Eq. (4.4):
α
4π
[
−
√
2(2m2e + 2m
2
γ˜ − p2)PL − 2
√
2memγ˜PR −
√
2 (mePL −mγ˜PR) p/
]
. (4.12)
We can directly read off the values of the coefficients a1, . . . , a6, in particular a4 = 0. The
breaking term is in agreement with the Quantum Action Principle: It is a local term of
dimension 2 and, as explained in Section 3.2, it is a polynomial in the mass parameters.
The appearance of the terms ∝ mγ˜ = −M˜λf0 shows that soft breaking of supersymme-
try induces additional violations of the Slavnov-Taylor identity in DREG. In other words,
DREG does not only violate supersymmetry, it even violates softly broken supersymme-
try. Hence, in order to calculate supersymmetry-restoring counterterms, the soft-breaking
must not be neglected.
The difference between DREG and DRED is confined to the following two vertex
functions:
Γ
(1)
ΨΨ¯
(p,−p)|DREG−DRED = − α
4π
(p/− 2me), (4.13)
Γ
(1)
φ
†
L
ΨΞ¯
(p,−p, 0)|DREG−DRED = α
4π
mγ˜
f0
[p/+ 2(me −mγ˜)]PL. (4.14)
The additional local contributions are generated in the diagrams shown in Figure 4.2. In
particular the second diagram in Figure 4.2 involves a γγ˜Ξ vertex, i.e. an interaction of
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the photon and two neutral fields. This does not correspond to a gauge interaction but to
ηW αWα in Eq. (2.4), a type of interaction not present in a usual supersymmetric gauge
theory without dimensionless chiral superfields. For this reason it is noteworthy that this
new interaction induces additional symmetry violations in DREG, but not in DRED.
Identities like Eq. (4.6) have been discussed in Refs. [15,16] for SQED and SQCD. In
order to extract the relevant restrictions on the supersymmetry transformations, we only
need to evaluate these identities for p→∞ where soft breaking do not contribute. Hence
these identities are respected by DRED and DREG.
4.3 Parameterization of counterterms
In this subsection, we parameterize the counterterms that appear in the Slavnov-
Taylor identity (4.4). As mentioned in Section 3.1, the separation of the counterterms
into symmetric and symmetry-restoring ones is not unique. It becomes unique if we impose
that the symmetry-restoring counterterms do not contribute to those Green functions on
which renormalization conditions are imposed. We make use of this possibility and denote
the counterterms as follows (the momentum p is incoming into Ψ and outgoing from φ†L):
Γct
φ
†
L
φL
= [p2 − (M2φ)11](1 + δZφ)− δ(M2φ)11, (4.15)
Γct
φ
†
L
φ
†
R
= −(M2φ)12 − δ(M2φ)12, (4.16)
ΓctΨΨ¯ = (p/−me)(1 + δZΨ)− δme, (4.17)
Γct
φ
†
L
Ψ
¯ˆ
H
= −PR(y123 + δy123), (4.18)
ΓctΨǫ¯YφL
=
√
2PL(1 + δψǫYφ), (4.19)
ΓctΨǫ¯Y
φ
†
R
= −
√
2PR(1 + δψǫYφ), (4.20)
Γct
φ
†
L
YΨ¯ ǫ¯
= −
√
2PL(p/+me)(1 + δ
1
φǫYψ
)−
√
2PLme δ
2
ψǫYψ
−
√
2PR f0 δu3φ, (4.21)
ΓctY ¯ˆ
H
ǫ¯ =
√
2γ5
y333v
2
2
−
√
2
2
γ5
(
2f0 δu3H − v2δy333
)
, (4.22)
Γct
φ
†
L
ΨΞ¯
= PLM˜
2
11 f0(1 + δ
1
φψχ) + PRA˜123 v(1 + δ
2
φψχ) + p/PL δ
3
φψχ. (4.23)
We have introduced the most general counterterms compatible with Lorentz invariance,
R-symmetry, and power counting. Moreover, we have written down also the tree-level
contributions. The renormalization constants δme, δM
2
φ, δZΨ, δZφ, δy123, δu3φ, δu3H
correspond to purely symmetric counterterms, whereas the constants δψǫYφ , δ
1,2
φǫYψ
, δ1,2,3φψχ
correspond to a sum of symmetric and symmetry-restoring counterterms.
The parameters δu3φ, δu3H deserve some discussion. They correspond to the u3-
parameters of Ref. [12]. These symmetric counterterms are generated by
δu3φ SΓcl
∫
d4x Ξ¯PR YΨ¯ φ
†
L, δu3H SΓcl
∫
d4x Ξ¯Y ¯ˆ
H
. (4.24)
In general, u3-counterterms can be written as δu3i SΓcl
∫
d4x (Yψiχφi), and adding these
counterterms corresponds to a field renormalization of the form
ψiα −→ ψiα − δu3iχαφi. (4.25)
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The counterterms δu3i do not contribute to physical amplitudes in the limit Ξ = a = 0
[12]. However, they are necessary in order to absorb divergences of vertex functions
involving external fields. An example in this model is the contribution PRΓφ†
L
YΨ¯ǫ¯
PR since
it does not appear in Γcl, but it contains divergences at one-loop order that have to be
absorbed by δu3φ.
The δu3i-parameters remain as undetermined constants in the symmetry identities and
can be fixed by imposing renormalization conditions on the vertex functions PRΓφ†
L
YΨ¯ǫ¯
PR
and ΓY ¯ˆ
H
ǫ¯.
4.4 Results for the symmetry-restoring counterterms
In order to derive the consequences of the Slavnov-Taylor identity (4.4) for the coun-
terterms, we rewrite Eq. (4.4) in the form of Eq. (3.14). Using the parameterization of
the previous section, the breakings of Eq. (4.8) yield
a1PL − a2PLp2 + a3PR − a4PRp2 + a5PLp/+ a6PRp/ =√
2PL δψǫYφ
[
p2 − (M2φ)11
]
+
√
2PL
{[
(p2 − (M2φ)11
]
δZφ − δ(M2φ)11
}
+
√
2PR δψǫYφ(M
2
φ)12 +
√
2PR δ(M
2
φ)12
−
[√
2PL(p/+me)δ
1
φǫYψ
+
√
2PLmeδ
2
ψǫYψ
+
√
2PR f0 δu3φ
]
(p/−me)
−
√
2PL(p/+me) [(p/−me)δZΨ − δme]
+
√
2γ5 f0 δu3H PR y123 −
√
2γ5
y333v
2
2
PR δy123
−
√
2γ5 f0
[
PL M˜
2
11 f0 δ
1
φψχ + PR A˜123 v δ
2
φψχ + p/PL δ
3
φψχ
]
. (4.26)
The l.h.s. vanishes for DRED and is given by Eq. (4.12) for DREG. The identity can be
solved for a1, . . . , a6 yielding
a1√
2
= −(M2φ)11(δψǫYφ + δZφ)− δ(M2φ)11 +m2e(δ1φǫYψ + δ2ψǫYψ + δZΨ)
+me δme + f
2
0 M˜
2
11δ
1
φψχ, (4.27)
a2√
2
= −δψǫYφ − δZφ + δ1φǫYψ + δZΨ, (4.28)
a3√
2
= δψǫYφ(M
2
φ)12 + δ(M
2
φ)12 +me f0 δu3φ + y123 f0 δu3H −
y333v
2
2
δy123
− f0 v A˜123 δ2φψχ, (4.29)
a5√
2
= −meδ2ψǫYψ + δme, (4.30)
a6√
2
= −f0 δu3φ + f0 δ3φψχ. (4.31)
Furthermore, the identity (4.6), which corresponds to the supersymmetry algebra, is
respected by DRED as well as DREG. Hence, it yields in addition the relation
0 = δ1φǫYψ + δψǫYφ. (4.32)
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We have already discussed that the identities obtained by taking PL(. . .)PL,R of (4.4)
describe several mass relations. If we restrict ourselves to these identities (they correspond
to the parameters a1, a2, a5) and combine them with Eq. (4.32), we obtain
δψǫYφ = −δ1φǫYψ =
δZΨ − δZφ
2
− a2
2
√
2
, (4.33)
δ2ψǫYψ =
δme
me
− a5√
2me
, (4.34)
δ1φψχ =
δZΨ + δZφ
2
+
δ(M2φ)11 − 2me δme
f 20 M˜
2
11
+
a1√
2f 20 M˜
2
11
. (4.35)
All renormalization constants appearing in these identities are fixed except δZφ, δZΨ, δme,
δ(M2φ)11. The latter correspond to symmetric counterterms, namely to the renormalization
of the fields φL, Ψ and the mass parameters me, (M
2
φ)11. These counterterms are fixed by
renormalization conditions to the electron and selectron self energies.
The results of Eqs. (4.29) and (4.31) corresponding to a3 and a6 can be solved similarly
in order to obtain information on the counterterms δ2φψχ and δ
3
φψχ. The solutions, how-
ever, involve many renormalization constants corresponding to symmetric counterterms,
in particular to the u3-parameters.
Although unphysical u3-parameters appear in the identity (4.29), it is a relevant re-
lation between the off-diagonal selectron mass (M2φ)12, the φ
†
LΨ
¯ˆ
H Yukawa coupling, and
the Ξ-interaction PRΓφ†
L
ΨΞ¯PR. The latter interaction is particularly interesting since it
originates from the term ηΦ1Φ2Φ3 in Lsoft (see Appendix A). Such an interaction is
not present in usual renormalizable models where no dimensionless chiral superfields are
present. In spite of this new interaction, the breaking term a3 in Eq. (4.29) vanishes in
DRED, but as expected it is non-zero in DREG.
Finally, we give the symmetry-restoring counterterm contributions to the Green func-
tions in Eq. (4.4):
Γct,restore
φ
†
L
φL
= 0, (4.36)
Γct,restore
φ
†
L
φ
†
R
= 0, (4.37)
Γct,restore
ΨΨ¯
= 0, (4.38)
Γct,restore
φ
†
L
Ψ
¯ˆ
H
= 0, (4.39)
Γct,restoreΨǫ¯YφL
= −PL a2
2
, (4.40)
Γct,restoreΨǫ¯Y
φ
†
R
= PR
a2
2
, (4.41)
Γct,restore
φ
†
L
YΨ¯ ǫ¯
= −PL(p/+me)a2
2
+ PL a5, (4.42)
Γct,restoreY ¯ˆ
H
ǫ¯ = 0, (4.43)
Γct,restore
φ
†
L
ΨΞ¯
=
1√
2f0
(PL a1 − PRa3 + p/PL a6). (4.44)
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5 Summary and Conclusion
In this article we have considered a model with characteristic features of the MSSM,
i.e. soft supersymmetry breaking and spontaneous symmetry breaking.
We have evaluated two important symmetry identities corresponding to mass relations
for arbitrary momenta of the external fields in DREG as well as DRED. The Ward identity
relating the electron mass to the Yukawa coupling is preserved both in DRED and in
DREG. The Slavnov-Taylor identity relating the electron and selectron self energies is
preserved in DRED, but violated in DREG.
We have shown that all appearing symmetry-restoring counterterms are uniquely fixed
when the Slavnov-Taylor identity relating electron and selectron self energies is combined
with an identity corresponding to the supersymmetry algebra.
Taking a closer look how the Slavnov-Taylor identity is violated in DREG reveals
that the coefficients of all possible breaking terms [see Eq. (4.9)] are all non-vanishing.
Moreover, in all cases where soft breaking is involved, soft breaking does actually affect
the symmetry-restoring counterterms. In particular, the spurion field η and its spinor
component Ξ give rise to ηW αWα and γγ˜Ξ interactions, which contribute to the violations
of the Slavnov-Taylor identity in DREG, but not in DRED.
These results have important implications for the MSSM, where e.g. the left-handed
stop and sbottom masses mt˜L , mb˜L are related to the Ξ-interactions t˜
†
LtΞ¯ and b˜
†
LbΞ¯. These
Ξ-interactions can be eliminated using SU(2) invariance and an identity betweenm2
t˜L
−m2
b˜L
and m2t − m2b can be derived. Assuming that the results of the model considered here
hold also for the MSSM, the identity for m2
t˜L
− m2
b˜L
, which is an important prediction
of the MSSM, is fulfilled in DRED, but violated in DREG. Indeed the full (electroweak
and strong) one-loop results of this relation evaluated in DRED and DREG without
symmetry-restoring counterterms differ by finite contributions which are of the order of
the full electroweak corrections [23].
Furthermore, several simplifications in the determination of symmetry-restoring coun-
terterms have been discussed. The breaking ∆ of a symmetry identity is a polynomial not
only in the momenta, but also in the mass parameters of the model. Symmetry identities
that correspond to dimension = 4 breakings can be evaluated in the limit p→∞, m→ 0.
In symmetry identities corresponding to dimension < 4 breakings, masses and soft su-
persymmetry breaking cannot be neglected. However, in order to compute symmetry
violations and symmetry-restoring counterterms, it is sufficient to evaluate the identities
in a Taylor expansion in the masses. This is an important simplification in the restoration
of symmetry identities in the MSSM where the structure of masses and mixings are rather
complicated.
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Appendix
A Lagrangian
The Lagrangian L is obtained from Lsusy + Lsoft by choosing the Wess-Zumino gauge
and eliminating the auxiliary fields. We specify the Lagrangian of the model in terms of
mass eigenstates. The mass eigenstates and their eigenvalues are
φ1 =
1√
2
(φL + φ
†
R), M
2
1 = (y
123)2v2 + M˜211f
2
0 +
1
2
y123y333v2 + 6f0A˜123v,
φ2 =
1√
2
(φR − φ†L), M22 = (y123)2v2 + M˜211f 20 − 12y123y333v2 − 6f0A˜123v (A.1)
as well as
H1 =
1√
2
(H +H†) = H†1,
1
2
M2H1 =
3
4
(y333)2v2 + 1
2
M˜233f
2
0 + 3f0A˜333v,
H2 =
1√
2
(−H +H†) = −H†2 , 12M2H2 = 14(y333)2v2 + 12M˜233f 20 − 3f0A˜333v. (A.2)
The Lagrangian of the model in the limit a = Ξ = f = 0 reads
L|a=Ξ=f=0 =
− 1
4
FµνF
µν +
1
2
¯˜γiγµ∂µγ˜ +
1
2
f0 M˜λ ¯˜γγ˜
+ Ψ¯iγµDµΨ− y123vΨ¯Ψ
+
1
2
¯ˆ
H iγµ∂µHˆ − 1
2
y333v
¯ˆ
HHˆ
+ |Dµφ1|2 + |Dµφ2|2
−
[
(y123)2v2 + M˜211f
2
0 + 6f0 A˜123v +
1
2
y123y333v2
]
|φ1|2
−
[
(y123)2v2 + M˜211f
2
0 − 6f0 A˜123v −
1
2
y123y333v2
]
|φ2|2
+
1
2
(∂µH†1)(∂µH1) +
1
2
(∂µH†2)(∂µH2)
− 1
2
[
3
2
(y333)2v2 + M˜33f
2
0 + 6vf0A˜333
]
|H1|2
− 1
2
[
1
2
(y333)2v2 + M˜33f
2
0 − 6vf0A˜333
]
|H2|2
− eQL
(
Ψ¯γ5γ˜φ1 − Ψ¯γ˜φ†2 − φ†1 ¯˜γγ5Ψ− φ2¯˜γΨ
)
− 1√
2
y123
[
H1(Ψ¯Ψ) +H2(Ψ¯γ5Ψ)− φ2( ¯ˆHγ5Ψ) + φ†1( ¯ˆHΨ) + φ1(Ψ¯Hˆ) + φ†2(Ψ¯γ5Hˆ)
]
− 1
2
√
2
y333[H1(
¯ˆ
HHˆ) +H2(
¯ˆ
Hγ5Hˆ)]
− 1√
2
[
2(y123)2v + y123y333v + 6f0A˜123
]
H1|φ1|2
− 1√
2
[
2(y123)2v − y123y333v − 6f0A˜123
]
H1|φ2|2
20
− 1√
2
(
y123y333v − 6f0A˜123
)
H2φ1φ2
− 1√
2
(
−y123y333v + 6f0A˜123
)
H2φ
†
1φ
†
2
− 1√
2
[
1
2
(y333)2v + f0A˜333
]
H1|H1|2 − 1√
2
[
1
2
(y333)2v − 3f0A˜333
]
H1|H2|2
−
[
1
2
e2 − 1
4
(y123)2
]
φ1φ1φ2φ2 −
[
1
2
e2 − 1
4
(y123)2
]
φ†1φ
†
1φ
†
2φ
†
2
− e2|φ1|2|φ2|2 − 1
4
(y123)2
(|φ1|4 + |φ2|4)
+
[
−1
2
(y123)2 − 1
4
y123y333
] (|φ1|2|H1|2 + |φ2|2|H2|2)
+
[
−1
2
(y123)2 +
1
4
y123y333
] (|φ1|2|H2|2 + |φ2|2|H1|2)
− 1
2
y123y333H1H2(φ1φ2 − φ†1φ†2)
− 1
16
(y333)2
(|H1|4 + 2|H1|2|H2|2 + |H2|4)
−
[
1√
2
v3(y333)2 + 3
√
2v2f0A˜333 +
√
2M˜233f
2
0 v
]
H1
− 1
4
(y333)2v4 − 2f0A˜333v3 − M˜233f 20 v2. (A.3)
In Eq. (A.3) we have transformed the scalar fields to their mass eigenstates, used four-
component spinors for brevity, and introduced the covariant derivative Dµ and the elec-
tromagnetic field strength tensor Fµν :
Dµ = ∂µ + ieQAµ,
Fµν = ∂µAν − ∂νAµ. (A.4)
All parameters in the Lagrangian L|a=Ξ=f=0 are real. For the evaluation of Slavnov-Taylor
identities, it is necessary to know the parts of the Lagrangian that are linear in the fields
Ξ and f . These parts of the Lagrangian are given by
L|Ξ−part =
1√
2
(
M˜211f0 + 6A˜123v
) [
φ1Ψ¯Ξ + φ
†
1Ξ¯Ψ
]
+
1√
2
(
M˜211f0 − 6A˜123v
)[
φ2Ξ¯(PR − PL)Ψ + φ†2Ψ¯(PL − PR)Ξ
]
+
1√
2
(
M˜233f0 + 6A˜333v
)
Ξ¯HˆH1
+
1√
2
(
M˜233f0 − 6A˜333v
)
Ξ¯(PL − PR)HˆH2
+
i
2
√
2
M˜λΞ¯(PR − PL)γνγµγ˜Fµν
21
+ 3A˜123
[
(Ξ¯Ψ)
(
φ†1H1 − φ2H2
)
+ (Ξ¯(PR − PL)Ψ)
(
φ†1H2 − φ2H1
)
+ (Ψ¯Ξ)
(
φ1H1 − φ†2H2
)
+ (Ψ¯(PR − PL)Ξ)
(
φ1H2 − φ†2H1
)
+ Ξ¯Hˆ
(
φ†1φ1 − φ†2φ2
)
+ Ξ¯(PL − PR)Hˆ
(
φ†1φ
†
2 − φ1φ2
) ]
− 1√
2
eM˜λ(Ξ¯γ˜)(φ1φ2 + φ
†
1φ
†
2)
+O(a, a†), (A.5)
and
L|f−part =
−
(
2f0M˜
2
11 + 6A˜123v
)
|φ1|2f1 −
(
2f0M˜
2
11 − 6A˜123v
)
|φ2|2f1
− 1
2
(
2f0M˜
2
33 + 6A˜333v
)
|H1|2f1 − 1
2
(
2f0M˜
2
33 − 6A˜333v
)
|H2|2f1
+ 6A˜123vφ1φ2f2 − 6A˜123vφ†1φ†2f2 − 6A˜333vH1H2f2
+
1
2
M˜λf1 ¯˜γγ˜ − 1
2
M˜λf2 ¯˜γγ5γ˜
+O(a, a†), (A.6)
where we used Eq. (2.5) and
f1,2 =
1
2
(±f + f †) . (A.7)
The gauge fixing and ghost terms are combined in a BRS variation
Lfix,gh = s
[
c¯
(
∂µAµ +
ξ
2
B
)]
= B∂µAµ +
ξ
2
B2 − c¯c− c¯∂µ(iǫσµλ¯− iλσµǫ¯) + ξiǫσν ǫ¯(∂ν c¯)c¯. (A.8)
When the auxiliary field B is eliminated, Eq. (A.8) yields the usual gauge-fixing term
−(∂µAµ)2/(2ξ) and ghost terms, in particular the c¯ǫαλα vertex due to the supersymmetry
breaking of the gauge fixing.
The BRS transformations given in Appendix B that are non linear in the dynamical
fields are coupled to external sources,
Lext = Y αλ sλα + Yλ¯α˙sλ¯α˙
+ YφLsφL + Yφ†
L
sφ†L + Y
α
ψL
sψLα + Yψ¯Lα˙sψ¯
α˙
L + (L→R)
+ Y α
H˜
sH˜α + Y ¯˜Hα˙s
¯˜H α˙
+
1
2
(Y αλ ǫα + Yλ¯α˙ǫ¯
α˙)2 − 2(Y α
H˜
ǫα)(ǫ¯α˙Y
α˙
¯˜
H
)
− 2(Y αψLǫα)(ǫ¯α˙Y α˙ψ¯L)− 2(Y αψRǫα)(ǫ¯α˙Y α˙ψ¯R). (A.9)
The classical action is given by
Γcl =
∫
d4x (L+ Lfix,gh + Lext) (A.10)
and satisfies the Slavnov-Taylor identity S(Γcl) = 0.
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B BRS transformations
The BRS transformations of the fields of the model have the following explicit form:
sAµ = ∂µc+ iǫσµλ¯− iλσµǫ¯− iων∂νAµ, (B.1)
sλα =
i
2
(ǫσρσ)αFρσ − iǫαeQL(|φL|2 − |φR|2)− iων∂νλα, (B.2)
sλ¯α˙ =
−i
2
(ǫ¯σ¯ρσ)α˙Fρσ − iǫα˙eQL(|φL|2 − |φR|2)− iων∂νλ¯α˙, (B.3)
sφL = −ieQLcφL +
√
2ǫψL − iων∂νφL, (B.4)
sφ†L = +ieQLcφ
†
L +
√
2ψ¯Lǫ¯− iων∂νφ†L, (B.5)
sψαL = −ieQLcψαL −
√
2ǫαy123φ†R(H
† + v)−
√
2i(ǫ¯σ¯µ)αDµφL
− iων∂νψαL, (B.6)
sψ¯Lα˙ = +ieQLcψ¯Lα˙ +
√
2ǫ¯α˙y
123φR(H + v) +
√
2i(ǫσµ)α˙(DµφL)
†
− iων∂νψ¯Lα˙, (B.7)
sφR = −ieQRcφR +
√
2ǫψR − iων∂νφR, (B.8)
sφ†R = +ieQRcφ
†
R +
√
2ψ¯Rǫ¯− iων∂νφ†R, (B.9)
sψαR = −ieQRcψαR −
√
2ǫαy123φ†L(H
† + v)−
√
2i(ǫ¯σ¯µ)αDµφR
− iων∂νψαR, (B.10)
sψ¯Rα˙ = +ieQRcψ¯Rα˙ +
√
2ǫ¯α˙y
123φL(H + v) +
√
2i(ǫσµ)α˙(DµφR)
†
− iων∂νψ¯Rα˙, (B.11)
s(H + v) =
√
2ǫH˜ − iων∂νH, (B.12)
s(H† + v) =
√
2 ¯˜Hǫ¯− iων∂νH†, (B.13)
sH˜α = −
√
2ǫα
[
y123φ†Lφ
†
R +
1
2
y333(H† + v)(H† + v)
]
−
√
2i(ǫ¯σ¯µ)α∂µH − iων∂νH˜α, (B.14)
s ¯˜H α˙ = +
√
2ǫ¯α˙
[
y123φLφR +
1
2
y333(H + v)(H + v)
]
+
√
2i(ǫσµ)α˙∂µH
† − iων∂ν ¯˜H α˙, (B.15)
sc = 2iǫσν ǫ¯Aν − iων∂νc, (B.16)
sǫα = 0, (B.17)
sǫ¯α˙ = 0, (B.18)
sων = 2ǫσν ǫ¯, (B.19)
sc¯ = B − iων∂ν c¯, (B.20)
sB = 2iǫσν ǫ¯∂ν c¯− iων∂νB. (B.21)
The ghosts c, ǫα, ǫ¯
α˙, and ων correspond to gauge, supersymmetry transformations, and
translations. The antighost c¯ and the auxiliary field B are needed for gauge fixing.
The BRS transformations of the fields of the external spurion multiplet are given by
sa =
√
2ǫχ− iων∂νa, (B.22)
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sa† =
√
2χ¯ǫ¯− iων∂νa†, (B.23)
sχα =
√
2ǫαfˆ −
√
2i(ǫ¯σ¯µ)α∂µa− iων∂νχα, (B.24)
sχ¯α˙ = −
√
2ǫ¯α˙fˆ
† +
√
2i(ǫσµ)α˙∂µa
† − iων∂νχ¯α˙, (B.25)
sf =
√
2iǫ¯σ¯µ∂µχ− iων∂νf, (B.26)
sf † = −
√
2i∂µχ¯σ¯
µǫ− iων∂νf †. (B.27)
C 4-spinor notation
We use the following conventions for derivatives with respect to Weyl spinors:
δ
δψα
ψβ = −δαβ , δ
δψα
ψβ = δα
β,
δ
δψ¯α˙
ψ¯β˙ = −δα˙β˙ , δ
δψ¯α˙
ψ¯β˙ = δα˙β˙ . (C.1)
The 4-spinors and derivatives with respect to them are defined in such a way that
(δ/δΨ)Ψ = 1 and (δ/δΨ¯) Ψ¯ = 1.
• Electron:
Ψ =
(
ψLα
ψ¯R
α˙
)
,
δ
δΨ
=
(
− δ
δψLα
− δ
δψ¯R
α˙
)
, (C.2)
Ψ¯ =
(
ψR
α ψ¯Lα˙
)
,
δ
δΨ¯
=


δ
δψαR
.
δ
δψ¯Lα˙

 . (C.3)
Sources for the BRS transformations of the electrons:
YΨ =
(
Y αψL Yψ¯R α˙
)
,
δ
δYΨ
=


δ
δY αψL
δ
δYψ¯R α˙

 , (C.4)
YΨ¯ =
(−YψRα
−Y α˙
ψ¯L
)
,
δ
δYΨ¯
=
(
δ
δYψRα
δ
δY α˙
ψ¯L
)
. (C.5)
• Higgsino:
Hˆ =
(
H˜α
¯˜H
α˙
)
,
δ
δHˆ
=
(
− δ
δH˜α
− δ
δ ¯˜H
α˙
)
, (C.6)
YHˆ =
(
Y α
H˜
Y ¯˜
Hα˙
)
,
δ
δYHˆ
=


δ
δY α
H˜
δ
δY ¯˜
Hα˙

 . (C.7)
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• Photino:
γ˜ =
(−iλα
iλ¯α˙
)
,
δ
δγ˜
=
(
−i δ
δλα
i
δ
δλ¯α˙
)
, (C.8)
Yγ˜ =
(
iY αλ −iYλ¯α˙
)
,
δ
δYγ˜
=


−i δ
δY αλ
i
δ
δYλ¯α˙

 . (C.9)
• Spinor component of the spurion superfield:
Ξ =
(
χα
χ¯α˙
)
,
δ
δΞ
=
(
− δ
δχα
− δ
δχ¯α˙
)
. (C.10)
• Supersymmetry ghost:
ǫ =
(
ǫα
ǫ¯α˙
)
,
∂
∂ǫ
=
(
− ∂
∂ǫα
− ∂
∂ǫ¯α˙
)
. (C.11)
In this notation the Slavnov-Taylor operator is given by
S(F) = S0(F) + Ssoft(F)
=
∫
d4x
[
sAµ
δF
δAµ
+ sc
δF
δc
+ sc¯
δF
δc¯
+ sB
δF
δB
+
(
δF
δYγ˜
)T (
δF
δγ˜
)T
+
(
δF
δYΨ
)T (
δF
δΨ
)T
+
δF
δYΨ¯
δF
δΨ¯
+
δF
δYφL
δF
δφL
+
δF
δY
φ
†
L
δF
δφ†L
+
δF
δYφR
δF
δφR
+
δF
δY
φ
†
R
δF
δφ†R
+s(H + v)
δF
δH
+ s(H† + v)
δF
δH†
+
(
δF
δYHˆ
)T (
δF
δHˆ
)T ]
+sǫ
∂F
∂ǫ
+ sων
∂F
∂ων
+
∫
d4x
[
sa
δF
δa
+ sa†
δF
δa†
+ (sΞ)T
(
δF
δΞ
)T
+s(f + f0)
δF
δf
+ s(f † + f0)
δF
δf †
]
. (C.12)
The BRS transformations of the 4-spinors read
sΨ = iecΨ−
√
2y123PLǫφ
†
R(H
† + v) +
√
2y123PRǫφL(H + v)
+
√
2iPLγ
µǫDµφL −
√
2iPRγ
µǫDµφ
†
R − iων∂νΨ, (C.13)
(sΨ¯)T = −iecΨ¯T +
√
2y123PRǫ¯
TφR(H + v)−
√
2y123PLǫ¯
Tφ†L(H
† + v)
+
√
2iγµTPLǫ¯
TDµφ
†
L −
√
2iγµTPRǫ¯
TDµφR − iων∂νΨ¯T , (C.14)
sγ˜ =
i
4
[γσ, γρ]ǫFρσ + (PR − PL)ǫeQL(|φL|2 − |φR|2)
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+(PR − PL)ων∂ν γ˜, (C.15)
sHˆ = −
√
2PLǫ
[
y123φ†Lφ
†
R +
1
2
y333(H† + v)(H† + v)
]
+
√
2PRǫ
[
y123φLφR +
1
2
y333(H + v)(H + v)
]
+
√
2iγµPRǫ∂µH
† −
√
2iγµPLǫ∂µH − iων∂νHˆ, (C.16)
(sΞ)T =
√
2fˆ ǫTPL −
√
2fˆ †ǫTPR −
√
2iǫTγµTPL∂µa+
√
2iǫTγµTPR∂µa
†
−iων∂νΞT . (C.17)
D One-loop results
We list the one-loop diagrams of the vertex functions of identity (4.4) as well as the
results given as one-loop integrals. We choose ξ = 1 in the gauge fixing term and use the
following abbreviations:
d11 =
1√
2v
(
2m2e +
memH
2
+
M21 −M22
2
)
, (D.1)
d12 =
1√
2v
(
2m2e −
memH
2
− M
2
1 −M22
2
)
, (D.2)
d22 =
1√
2v
(
−3
2
memH +
M21 −M22
2
)
= −d21, (D.3)
x1 =
1√
2f0
(
M21 −m2e −
memH
2
)
, (D.4)
x2 =
1√
2f0
(
M22 −m2e +
memH
2
)
, (D.5)
xH1 =
1√
2f0
(
M2H1 −
3
2
m2H
)
, (D.6)
xH2 =
1√
2f0
(
M2H2 −
1
2
m2H
)
, (D.7)
and
θDREG =
{
1 for DREG,
0 for DRED.
(D.8)
For reasons of brevity we do not express B1, C0, C1 integrals in terms of A0 and B0
integrals and omit the momentum arguments in the one-loop functions (see Ref. [24] for
definitions):
C{0,1}(m0, m1, m2) := C{0,1}(p, 0, m0, m1, m2), (D.9)
B{0,1}(m0, m1) := B{0,1}(p,m0, m1). (D.10)
Furthermore, we often combine the explicit results of two Green functions into one equa-
tion where the upper sign of ±,∓ (first index) corresponds to the first Green function
and the lower one (second index) to the second.
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R
Γ
(1)
Y ¯ˆ
H
ǫ¯(0, 0) =
α
4π
1√
2e2
γ5
{
y123 [A0(M2)−A0(M1)] + y333 [A0(MH2)− A0(MH1)]
}
, (D.11){
Γ
(1)
Ψǫ¯YφL
(p, 0,−p),Γ(1)Ψǫ¯Y
φ
†
R
(p, 0,−p)
}
=
α
4π
1√
2
{
− γ5 [B0(mγ˜ ,M1) +mγ˜ p/C1(mγ˜ ,M1, 0)]
± [B0(mγ˜,M2)−mγ˜ p/C1(mγ˜ ,M2, 0)]
}
, (D.12){
Γ
(1)
φ
†
1
φ1
(−p, p),Γ(1)
φ
†
2
φ2
(p,−p)
}
=
α
4π
{
− [2(M21,2 + p2)B0(0,M1,2)− A0(M1,2)]
− 1
2
(
y123
e
)2 [
4p2B1(mH,e, me,H) + 4A0(me,H) + 4(m
2
H,e ±memH)B0(mH , me)
]
− [4p2B1(mγ˜,e, me,γ˜) + 4A0(me,γ˜) + 4 (∓memγ˜ +m2γ˜,e)B0(mγ˜ , me)]
+
1
e2
[
d211,12B0(MH1 ,M1,2) + d
2
21B0(MH2 ,M2,1)
]
+
1
2e2
[((
y123
)2 ± 1
2
y123y333
)
A0(MH1) +
((
y123
)2 ∓ 1
2
y123y333
)
A0(MH2)
]
+ A0(M2,1) +
(
y123
e
)2
A0(M1,2)
}
, (D.13)
{
Γ
(1)
φ
†
1
Ψ
¯ˆ
H
(−p, p, 0),Γ(1)
φ2Ψ
¯ˆ
H
(−p, p, 0)
}
=
α
4π
{1, γ5}
{
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Figure 5: One-loop diagrams to Γ
φ
†
2
φ2
± 1
2
(
y123
e
)2 [− d11,12 p/C1(me,MH1 ,M1,2) + d11,12me C0(me,MH1,M1,2)
∓ d21 p/C1(me,MH2 ,M2,1)∓ d21meC0(me,MH2 ,M2,1)
]
,
± 1
2
y123y333
e2
[∓ d11,12 p/C1(mH ,M1,2,MH1) + d11,12mH C0(mH ,M1,2,MH1)
− d21 p/C1(mH ,M2,1,MH2)∓ d21mH C0(mH ,M2,1,MH2)
]
± (y
123)
2
y333
2
√
2 e2
[
± (p2 + p/ (me ±mH))C1(mH , me,MH1)
± 1
M2H1 −m2H
(
M2H1 B0(MH1 , me)−m2H B0(mH , me)
)
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Figure 7: One-loop diagrams to Γ
φ
†
1
YΨ¯ ǫ¯
and Γφ2YΨ¯ ǫ¯
+ (p/mH +memH) C0(mH , me,MH1)
∓ (p2 − p/ (me ±mH))C1(mH , me,MH2)
∓ 1
M2H2 −m2H
(
M2H2 B0(MH2 , me)−m2H B0(mH , me)
)
− (memH − p/mH) C0(mH , me,MH2)
]
± (y
123)
3
2
√
2 e2
[
± (p2 + p/ (mH ±me))C1(me, mH ,M1)
± 1
M21 −m2e
(
M21 B0(M1, mH)−m2e B0(me, mH)
)
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Figure 8: One-loop diagrams to Γ
(1)
ΨΨ¯
+ (p/me +memH) C0(me, mH ,M1)
∓ (p2 − p/ (mH ±me))C1(me, mH ,M2)
∓ 1
M22 −m2e
(
M22 B0(M2, mH)−m2e B0(me, mH)
)
− (memH − p/me) C0(me, mH ,M2)
]
+
y123√
2
[
∓ (p2 − p/ (mγ˜ ∓me))C1(me, mγ˜,M1)
∓ 1
M21 −m2e
(
M21 B0(M1, mγ˜)−m2e B0(me, mγ˜)
)
+ (−p/me +memγ˜) C0(me, mγ˜ ,M1)
∓ (p2 + p/ (mγ˜ ∓me))C1(me, mγ˜,M2)
∓ 1
M22 −m2e
(
M22 B0(M2, mγ˜)−m2e B0(me, mγ˜)
)
+ (memγ˜ + p/me) C0(me, mγ˜,M2)
]
∓ y
123
√
2
[
1
2
(
B0(M1,2, 0) +B0(me, 0) +
(
m2e +M
2
1,2
)
C0(me, 0,M1,2)
)
+ p/me (C0(me, 0,M1,2)− C1(me, 0,M1,2))
− p2C1(me, 0,M1,2)
]}
, (D.14)
{
Γ
(1)
φ
†
1
YΨ¯ǫ¯
(−p, p, 0),Γ(1)φ2YΨ¯ǫ¯(−p, p, 0)
}
=
α
4π
{γ5, 1}
{
± y
123
√
2 e2
[d21B0(MH2 ,M2,1)∓ d11,12B0(MH1 ,M1,2)]
− [2p/B0(0,M1,2) + p/B1(0,M1,2)]
∓ [∓ p/B1(mγ˜ , me)∓ (p/+me ∓mγ˜) B0(mγ˜ , me)
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Figure 9: One-loop diagrams to Γ
φ
†
1
ΨΞ¯ and Γφ2ΨΞ¯
+
(
mγ˜p
2 +mγ˜mep/
)
C1(mγ˜ , me, 0)
]}
, (D.15)
Γ
(1)
ΨΨ¯
(p,−p) = α
4π
{
1
2
(
y123
e
)2 [
p/ (B0(MH1 , me) +B1(MH1 , me)) +meB0(MH1 , me)
+ p/ (B0(MH2 , me) + B1(MH2 , me))−meB0(MH2 , me)
]
+
1
2
(
y123
e
)2 [
p/ (B0(M1, mH) +B1(M1, mH)) +mHB0(M1, mH)
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+ p/ (B0(M2, mH) +B1(M2, mH))−mHB0(M2, mH)
]
+
[
p/ (B0(M1, mγ˜) +B1(M1, mγ˜))−mγ˜B0(M1, mγ˜)
+ p/ (B0(M2, mγ˜) +B1(M2, mγ˜)) +mγ˜B0(M2, mγ˜)
]
−
[(
4me − p/− p/m
2
e
p2
)
B0(0, me) +
p/
p2
A0(me) + θDREG (p/− 2me)
]}
, (D.16)
{
Γ
(1)
φ
†
1
ΨΞ¯
(−p, p, 0),Γ(1)
φ2ΨΞ¯
(−p, p, 0)
}
=
α
4π
{1, γ5}
{
− y
123
√
2 e2
[± x1 d11,21 (∓p/C1(me,MH1,2 ,M1) +me C0(me,MH1,2 ,M1))
+ x2 d21,12
(±p/C1(me,MH2,1 ,M2) +me C0(me,MH2,1 ,M2)) ]
− y
123
√
2 e2
[− xH1 d11,12 (p/C1(mH ,M1,2,MH1)∓mH C0(mH ,M1,2,MH1))
+ xH2 d21 (±p/C1(mH ,M2,1,MH2) +mH C0(mH ,M2,1,MH2))
]
∓ 1
2
(
y123
e
)2 [
xH1
[ (±p2 + p/(mH ±me))C1(mH , me,MH1)
± 1
M2H1 −m2H
(
M2H1 B0(MH1 , me)−m2H B0(mH , me)
)
+ (p/mH +memH) C0(mH , me,MH1)
]
+ xH2
[ (±p2 − p/ (mH ±me))C1(mH , me,MH2)
± 1
M2H2 −m2H
(
M2H2 B0(MH2 , me)−m2H B0(mH , me)
)
− (p/mH −memH) C0(mH , me,MH2)
]]
∓ 1
2
(
y123
e
)2 [
x1
[
± (p2 + p/ (mH ±me))C1(me, mH ,M1)
± 1
M21 −m2e
(
M21 B0(M1, mH)−m2e B0(me, mH)
)
+ (p/me +memH) C0(me, mH ,M1)
]
+ x2
[
± (p2 − p/ (mH ±me))C1(me, mH ,M2)
± 1
M22 −m2e
(
M22 B0(M2, mH)−m2e B0(me, mH)
)
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+ (memH − p/me) C0(me, mH ,M2)
]]
−
[
x1
[
∓ (p2 − p/ (mγ˜ ∓me))C1(me, mγ˜,M1)
∓ 1
M21 −m2e
(
M21 B0(M1, mγ˜)−m2e B0(me, mγ˜)
)
+ (−p/me +memγ˜) C0(me, mγ˜,M1)
]
− x2
[
∓ (p2 + p/ (mγ˜ ∓me))C1(me, mγ˜,M2)
∓ 1
M22 −m2e
(
M22 B0(M2, mγ˜)−m2e B0(me, mγ˜)
)
+ (memγ˜ + p/me) C0(me, mγ˜,M2)
]]
+ x1,2
[
1
2
(
B0(M1,2, 0) +B0(me, 0) +
(
m2e +M
2
1,2
)
C0(me, 0,M1,2)
)
+ p/me (C0(me, 0,M1,2)− C1(me, 0,M1,2))
− p2C1(me, 0,M1,2)
]
+
mγ˜√
2 f0
[∓p/B1(mγ˜ ,M2,1) +mγ˜B0(mγ˜ ,M2,1)]
+
3A˜123
e2
[d21B0(M2,1,MH2) + {−d11, d12}B0(M1,2,MH1)]
∓ 3A˜123 y
123
√
2 e2
[− p/B1(mH ,M1,2)±mH B0(mH ,M1,2)
∓ p/B1(mH ,M2,1)∓mH B0(mH ,M2,1)
]
+
3A˜123 y
123
√
2 e2
[∓ (p/+me) B0(MH1 , me)∓ p/B1(MH1 , me)
∓ (p/−me)B0(MH2 , me)∓ p/B1(MH2 , me)
]
+
mγ˜√
2 f0
[∓ p/
m2γ˜
[(
p2 −m2e +m2γ˜
)
B1(mγ˜ , me)− (p2 −m2e)B1(0, me)
]
+ 3mγ˜
(
p2 − p/me
)
C1(mγ˜me, 0)
+ (±p/+ 3 (mγ˜ ∓me))B0(mγ˜ , me)
± 3p/B1(mγ˜ , me) + θDREG (−2(mγ˜ ∓me)∓ p/)
]
33
± mγ˜√
2 f0
[
− p/
m2γ˜
[(
p2 −M21,2 +m2γ˜
)
B1(mγ˜ ,M1,2)− (p2 −M21,2)B1(0,M1,2)
]
− 2p/B0(mγ˜ ,M1,2)
]}
. (D.17)
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